Background-Pheochromocytomas are tumors arising from chromaffin tissue located in the adrenal medulla associated with typical symptoms and signs which may occasionally develop metastases, which are defined as the presence of tumor cells at sites where these cells are not found. This retrospective analysis was focused on clinical, genetic, and histopathologic characteristics of primary metastatic versus primary benign pheochromocytomas.
Introduction
Pheochromocytomas and paragangliomas are tumors arising from chromaffin tissue located either in the adrenal medulla (pheochromocytomas) or at extra-adrenal sites along the sympathetic and/or the parasympathetic chain (paragangliomas) [1, 2] . These tumors typically occur in a benign form but may present in a malignant form and reach up to 36 % or even higher in subjects with extra-adrenal tumors, in particular when associated with the mutation of the gene encoding the B subunit of the mitochondrial complex II enzyme succinate dehydrogenase enzyme (SDHB) [3] [4] [5] [6] [7] [8] . Metastatic pheochromocytoma or paraganglioma is defined as the presence of tumor cells at the sites where these cells are not found such as lymph nodes, bones, liver, or lungs [9] .
To predict the likelihood of metastatic spread, several criteria and scoring systems have been developed on the basis of histopathology or clinical data, but no system has proven reliable [10] . For example, a multiparameter Pheochromocytoma of the Adrenal Gland Scaled Score (PASS), which includes several histopathologic features of the primary tumor such as mitotic activity and capsular or vascular invasion [11] , has been shown unreliable due to its high interobserver and intraobserver variation [12] . From several clinical studies, the highest predictive value might include the extra-adrenal tumor location, presence of SDHB mutations, and tumor size [4, 13, 14] . Most of the studies focused on predictors of malignancy in pheochromocytomas or paragangliomas have not addressed adrenal or extraadrenal tumors separately on a large scale due to their rarity [15, 16] .
In the study of O'Riordain et al., subjects with paragangliomas that had tumors larger than 5 cm showed a worse prognosis compared to those that had smaller tumors [5] . In the study of Amar et al., the smallest tumor diameter of subjects with malignant pheochromocytoma and paraganglioma was 5 cm [3] , and Kimura et al. showed that malignant adrenal pheochromocytoma was significantly larger than tumors of subjects with benign adrenal pheochromocytomas [17] . In contrast, Thompson found no significant difference in the tumor diameter between benign and metastatic pheochromocytoma [11] .
In the present study, we retrospectively assessed clinical, genetic, and histopathologic characteristics of primary metastatic from primary benign adrenal pheochromocytomas. In particular, we focused on common histopathologic characteristics including the tumor dimension, the presence of necrosis, capsular, vascular, and lymphatic invasion and genetic background as possible risk factors of their metastatic behavior. Patients presenting with metastatic paragangliomas (extra-adrenal tumors) were not included.
Subjects and Methods

Patients
We identified 41 subjects with metastatic pheochromocytoma referred to either the National Institutes of Health (NIH), Bethesda, USA or to the 3rd Department of Medicine, General University Hospital, Prague, Czech Republic. Four additional subjects were not included in the analysis because the size of their primary tumors was not available. Metastasis was defined as the presence of tumor cells at sites where no chromaffin tissue is normally found and the metastatic lesion(s) were proven either by biopsy or the presence of persistently elevated catecholamine/metanephrine levels together with a positivity on pheochromocytoma specific imaging modalities and previous history of pheochromocytoma [9] . As the control group, we used 108 subjects with apparently benign pheochromocytoma with the average follow up of 5.8 ± 4.3 years. Study protocols were approved by the Institutional Review Board of the National Institute of Child Health and Human Development at NIH and by the Ethics Committee of the First Faculty of Medicine. All patients provided written informed consent. Reporting of the study conforms to STROBE along with references to STROBE and the broader EQUATOR guidelines [18] .
Biochemical phenotype of tumors was characterized according to elevations of particular catecholamines (epinephrine, norepinephrine, and dopamine) or their metabolites (metanephrine and normetanephrine) either in urine or plasma. All elevations above the upper range of normal values were counted as positive and further detailed work-up was initiated. In most subjects, elevations of plasma or urinary catecholamines or metanephrines were many times above upper reference limits. Data are shown as mean ± standard deviation (SD) or median and interquartile ranges in case of non-parametric data distribution. Continuous variables were compared using the unpaired t-test and categorical variables by the Fisher exact test. Tumor dimension was assessed using the longest tumor diameter. Kaplan-Meier method was used to estimate the time from diagnosis of PHEO to diagnosis of malignancy and to estimate survival of subjects with metastatic PHEO, where survival was defined as the time from diagnosis of PHEO to the date of death or date of last follow-up. We used log-rank test to compare survival between subgroups of patients. P<0.05 values were considered as significant. Data were analyzed using the statistical software package Statistica version 9.1CZ (StatSoft, Tulsa, OK, USA).
Results
In total, we analyzed 41 subjects with metastatic adrenal pheochromocytoma and 108 subjects with benign adrenal pheochromocytoma. Primary tumors of subjects with malignant pheochromocytoma were diagnosed at a significantly younger age (41.4±14.7 vs. 50.2±13.7 years; P<0.001) compared to subjects with benign pheochromocytomas (P<0.001) ( Table 1) . No significant difference was found in gender distribution between subjects with malignant and benign adrenal pheochromocytomas, although male subjects tended to present more frequent metastases (Table 1) . Among available histopathologic parameters, only necrosis occurred significantly more frequently in the metastatic pheochromocytoma group (P<0.001) ( Table 2) .
Genetic testing for germ-line mutations or clinical assessment revealed 9 (25.7 %) carriers of germ-line mutations in patients with malignant pheochromocytoma (2× SDHB, 4× RET, and 3× VHL), compared to 11 (14.7 %) carriers in subjects with benign pheochromocytoma (2× RET, 5× VHL, and 4× neurofibromatosis type I) ( Table 1) . No mutation of the SDHD gene was found.
Primary pheochromocytomas in subjects with metastatic spread were significantly larger than in subjects with benign pheochromocytomas (P<0.001). The distribution of tumor dimensions was variable ranging from 2.4 cm to 17 cm (median 8 cm) in the malignant group and 2 cm to 16 cm (median 5.8 cm) in the benign group (Table 1) . However, only four (10 %) subjects with metastatic pheochromocytoma presented initially with primary tumors smaller than 5 cm compared to 33.3 % subjects with benign pheochromocytoma (P<0.001) ( Table 1 ). Malignant adrenal pheochromocytomas were diagnosed more frequently at the right side compared to the benign tumors, but this difference did not reach statistical significance. Incidence of bilateral tumors was similar in both groups of subjects ( Table 1 ).
The analysis of catecholamine levels showed that subjects with malignant pheochromocytoma secreted significantly more often norepinephrine, thereby having a so called "noradrenergic phenotype" (P=0.04) ( Table 3) . On the contrary, significantly increased epinephrine levels, or so called "adrenergic phenotype", were more common in subjects with benign pheochromocytomas, although not reaching statistical significance (P=0.06) ( Table 3 ). Isolated norepinephrine secretion was the most common type of catecholamine secretion in subjects with malignant pheochromocytoma. In the benign group, co-secretion of norepinephrine and epinephrine was the most frequent type of catecholamine secretion (Table 2) . Only one patient with malignant pheochromocytoma (4 cm primary pheochromocytoma diameter) secreted only epinephrine, whereas isolated epinephrine secretion was found in 11 (10.1 %) subjects with benign pheochromocytoma (Table 3 ). No significant difference was found in the frequency of dopamine secretion or in the number of subjects without catecholamine or metanephrine secretion, which are so called "biochemically silent tumors" ( Table 3 ).
The median time from the diagnosis of the primary tumor to the diagnosis of metastatic spread was 3.6 years (in subjects younger 40 years, the median time was 7 years and in subjects older 40 years 3.1 years; P=0.24) (Table 4; Figure 1 ). In eleven subjects (27 %), malignant disease was diagnosed either at the time of diagnosis of a primary tumor or during the first year after diagnosis of pheochromocytoma. In almost half of the subjects (18 patients), metastatic involvement was discovered later than 5 years after the diagnosis of primary tumor (the longest interval between the diagnosis of primary tumor and metastases was 24 years) ( Table 4) . Sixteen subjects older than 40 years (76 %) developed metastases during the 5 years after diagnosis of pheochromocytoma compared to only 7 subjects younger than 40 years (32 %) (P=0.02). No other differences were found between subjects younger and older than 40 years regarding tumor size and type catecholamine secretion. Four subjects with malignant pheochromocytoma had a range of 17 to 27 years between the diagnosis of primary tumor and metastases, but they were not included in the analysis because of the inability to obtain information regarding the dimension of the primary tumor. The most common site of metastatic location were lymphatic nodes (66 %), liver (49 %), bones (49 %), and less frequently lungs (34 %) ( Table 4) .
Survival analysis subjects with metastatic PHEO (median time for the censored observations was 9.0 years, range from 0.6 to 27.3 years) revealed significantly longer survival of subjects secreting epinephrine (p=0.02; Figure 2 ) and shorter survival of subjects who produced dopamine or presented with biochemically silent tumors (p=0.04; Figure 2 ). No survival differences were found according metastatic involvement (liver, lung, and bones).
Discussion
In the present retrospective analysis that specifically focused on subjects with pheochromocytoma as the adrenal tumor, we have found that subjects with metastatic disease presented with larger primary tumors at significantly younger age, and produced more frequently norepinephrine compared to subjects with apparently benign tumors. There was no statistical difference in the gender distribution and in frequency of mutations of genes associated with the presence of pheochromocytoma.
Our findings that metastatic pheochromocytomas present with larger primary tumors than benign ones suggest that the size of a primary tumor is an important predictor of malignancy. Thus, as found in the present study, 90 % of subjects with metastatic pheochromocytomas presented with primary tumors larger than 5 cm. These findings that a tumor dimension plays an important role as a risk factor in the development of metastatic spread is further supported by previous reports [16, 17] . In the study of Kimura et al., the dimension and weight of primary adrenal pheochromocytomas were significantly higher in subjects malignant tumors compared to subjects with apparently benign disease [17] . Similar results were found in the study of Shen et al. where dimension of primary tumors was significantly larger in malignant pheochromocytomas compared to benign tumors [16] . In the study of Amar et al., the smallest diameter of the primary tumor (extra-adrenal or adrenal origin) which developed metastases was 5 cm [3] . In contrast, Linnoila et al. showed that weight of primary tumors of malignant pheochromocytomas or paragangliomas was significantly higher than benign tumors, but no correlation was found between tumor weight and development of metastases [19] . However, the number of tumors available for the analysis in this study was small and no attention was paid to discriminate between primary adrenal and extra-adrenal tumors. Similarly, Thompson found no significant difference in the primary tumor dimension between malignant and benign adrenal pheochromocytoma [11] .
In contrast, only 10% of subjects with metastatic pheochromocytomas presented with tumors smaller than 5 cm. These results do not support findings of the study of Gupta et al., where 47% of subjects with metastatic pheochromocytoma presented with primary tumors <5 cm [20] . The smallest tumor diameter in our study was 2.4 cm which is in agreement with other authors who also found primary tumors <3 cm which presented in the later course with distant metastases [11, 21] .
Until now, many authors have attempted to find predictors of malignancy in pheochromocytoma but no scoring system has been proven reliable [10] . The strongest predictors are extra-adrenal locations and the presence of mutation of the SDHB gene. Although the mostly used PASS score (includes vascular, capsular or adipose tissue invasion, large nests or diffuse growth, focal or confluent necrosis, high cellularity, tumor cell spindling, cellular monotony, increased mitotic figures, atypical mitotic figures, profound nuclear pleomorphism, and hyperchromasia) developed by Thompson [11] might be of some value [21, 22] , other authors reported about its limitations due to high inter-and intraobserver variation [12] . According to our results, only necrosis occurred more frequently in malignant tumors but no difference was found in vascular and capsular invasion or invasion into adipose tissue and in the number of mitotic figures. Thus, present results of histopathologic findings support previous findings of Linnoila et al. and Kimura and al. who concluded that necrosis but not capsular or vascular invasion is indeed an important risk factor for the development of metastatic pheochromocytoma [17, 19] .
Age
From the clinical point of view, age at time of a primary tumor associated with metastatic disease later on and time interval from the diagnosis of the primary tumor to the diagnosis of metastases are also important facts. First, pheochromocytomas associated with the development of metastatic disease were diagnosed at significantly younger age compared to subjects with benign pheochromocytoma, which is in the agreement with Kimura et al. [17] . Higher age in subjects with benign disease might be explained by the fact that the number of subjects with pheochromocytoma diagnosed incidentally during abdominal ultrasound, CT or MRI performed from other reasons is still increasing [23, 24] . Second, the number of subjects who developed metastases at least 5 years after the diagnosis of primary tumor was also higher in younger subjects compared to older subjects with malignant pheochromocytoma. One explanation could be that younger subjects may not be so complaint as older ones to undergo a regular follow-up which is mandatory in all subjects with diagnosed pheochromocytoma [25] . The age dependent function of immune system and behavior of tumor cells may be additional important factors that could contribute to the explanation of present findings.
Biochemistry
Analysis of biochemical phenotypes revealed that norepinephrine secretion in subjects with metastatic pheochromocytoma was more frequent than those with benign tumors. On the contrary, there was a tendency to have more frequent epinephrine secretion in subjects with benign tumors. Epinephrine production is the latest step in the catecholamine synthesis catalyzed by phenylethanolamine-N-methyltransferase. Thus, the failure of neuronal apoptosis during embryological development [26] in dopaminergic or noradrenergic chromaffin progenitors would be expected to occur earlier than in more fully mature adrenergic chromaffin cells and this may also explain younger age in subjects with malignant pheochromocytoma. Secretion of epinephrine or its metabolite metanephrine which may be regarded as a marker of cell differentiation was associated with better survival of subjects with metastatic PHEO whereas dopamine or its metabolite metanephrine was an indicator of a worse outcome of subjects with metastatic pheochromocytoma.
Both groups of subjects did not differ in the presence of tumors secretion either only dopamine or being biochemically silent. This could be explained by the relatively low number of subjects who have been tested positive for mutations in the SDHB-gene which has been found to be strongly associated not only with malignant disease but also with either dopamine secreting tumors or no catecholamine production at all [3, 27, 28] .
Finally, it should be noted that a genetic background was not found to play any important role in the pathogenesis of malignant pheochromocytoma. However, only two patients with mutation of the SDHB-gene, which is strongly associated with a malignant behavior of extra-adrenal pheochromocytoma, were included in the present study. Therefore, larger samples of SDHB-related pheochromocytomas are needed to confirm these preliminary observations. This would most likely require multi-institutional studies since these tumors are quite rare.
Our study has several limitations. First, genetic testing could not be performed in all subjects and genetic testing for other pheochromocytoma susceptibility genes (isocitrate dehydrogenase 1 and -2, SDHAF2, TMEMI127, and SDHC [29] [30] [31] ) was not carried out. Second, the interval for follow up in 49% of patients was less than 5 years and these patients will need to be followed for a longer time period.
In conclusion, subjects with metastatic adrenal pheochromocytoma presented with larger primary tumors that secreted more frequently norepinephrine and were significantly younger at the time of diagnosis of primary tumor than subjects with benign adrenal pheochromocytoma. According to our data, a minimal tumor diameter of 5 cm might be considered an important risk factor for the metastatic spread in subjects with pheochromocytoma. Almost half of the subjects with metastatic pheochromocytoma developed metastases at least 5 years after the diagnosis of the primary tumor which underlines the importance of very close lifelong follow-up of subjects with pheochromocytoma/paraganglioma. We propose that the optimal interval for subjects at higher risk of malignancy (younger subjects with tumors larger than 5 cm and secreting norepinephrine) would be for biochemical testing every 6 months and for morphological testing (CT or MRI scanning) once a year. On the other hand, testing on yearly basis would be sufficient for subjects with lower risk of malignancy (older subjects with tumors smaller than 5 cm and secreting epinephrine). Survival of subjects with metastatic pheochromocytoma in respect to catecholamine secretion. Epinephrine or dopamine denote either maternal catecholamines or its metabolites in urine or in plasma; D, number of deaths; N, total number of subjects. 
